NACA RM L51JQ9 




RM L51J09 



RESEARCH MEMORANDUM 


c\/ 

AN INVESTIGATION OF THE AERODYNAMIC CHARACTERISTIC!* 


u 


OF A SERIES OF CONE -CYLINDER CONFIGURATION, 
AT A MACH NUMBER OF 6.86 
By Ralph D. Cooper and Raymond A. Robinson 


H 


o 


o 


On 


Langley Aeronautical Laboratory 
Langley Field, Va. 


o 


FOB 




X jw- 


sues 




& 

s 

S 

H 


!s: 
o 
a, 


a? 

a:? 

§ 

& 

o 


a? 


§ 1 1 


CO 


CLASSIFIED DOCUMENT 


O ^ 

This material contains information affecting the National Defense of the United States within the mea n i n g ^ 
of the espionage laws, Title 18, U.S.C., Secs. 793 and 794, the transmission or revelation of which in any 
manner to an unauthorized person Is prohibited by law. 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

December 17, 1951 


§ ^ 


! 

I 


I 

I 

1 


NACA RM L51J09 


NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


RESEARCH MEMORANDUM 


AN INVESTIGATION OF THE AERODYNAMIC CHARACTERISTICS 
OF A SERIES OF CONE-CYLINDER CONFIGURATIONS 
AT A MACH NUMBER OF 6.86 
By Ralph D. Cooper and Raymond A. Robinson 

SUMMARY 


The results of pressure-distribution and force tests of two series 
of cone- cylinder configurations in the Langley 11- inch hypersonic tun- 
nel at a Mach number of 6.86 and a Reynolds number of 290,000 based on 
maximum diameter are presented and compared with theoretical calcula- 
tions. The first series consisted of three configurations, all of which 
had 20 conical noses and cylindrical afterbodies with lengths equal 
to 0, 2, and k diameters. The second series consisted of models having 
cylindrical afterbodies of length equal to 4 diameters and conical noses 
with apex angles varying from 10^ to l 80 ^. 

Pressure distributions on the longest 20^ cone-cylinder configura- 
tion were obtained at four representative angles of attack, 0°, 6.7^, 
lU^, and 20^. In the axially symmetric case (zero angle of attack) 
experimental results were in very good agreement with theoretical calcu- 
lations based on the Taylor-Maccoll theory for the conical portion and 
on the method of characteristics for the cylindrical portion. At the 
low angles of attack, experimental pressures on the conical nose were in 
satisfactory agreement with results calculated according to the conical- 
flow theories of Stone and Ferri. On the conical nose at the higher 
angles of attack and on the cylindrical afterbody throughout the angle- 
of- attack range the hypersonic approximation of Grimminger, Williams, 
and Young satisfactorily predicts the pressure distributions on the 
windward side where the theory is applicable. Pressure distributions 
on the cylindrical afterbody can also be satisfactorily approximated, 
when the conical-flow solution is known, by extending this solution 
through a two-dimensional expansion to the cylindrical surface. 

Force tests of the three configurations of the first series were 
made at angles of attack ranging from 0*^ to approximately 25^- Compari- 
sons between experiment and theory show that the drag at low angles of 
attack is accurately predicted by Ferri 's theory while the lift is 
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predicted with slightly less accuracy. The hypersonic approxitaation of 
Grimminger, Williams, and Yoiong gives accurate drag results throughout 
the angle-of -attack range; however, the lift, and consequently the 
lift-drag ratio, are slightly overestimated by this approximate theory. 
As indicated by theory, the addition of the cylindrical afterbody to 
the conical nose resulted in a significant increase in the lift-drag 
ratio of the configuration. 

The tests of the second series of configurations, that is, those 
with varying conical apex angles in the axially symmetric attitude, 
showed that the results of the Taylor-Maccoll theory agreed with the 
experimental drag coefficients. 


INTRODUCTION 


Until very recently it has been necessary to use the results of 
theoretical studies of the aerodynamic performance of various configura- 
tions at high supersonic, or hypersonic, speeds without experimental 
verification. Therefore, after the completion of the calibration of 
the flow in a two-dimensional, single-step nozzle in the Langley 11-inch 
hypersonic tunnel (reference 1) , a preliminary model-testing program 
was initiated to obtain experimental data and evaluate theoretical 
results at a Mach number of 6.86, which is well beyond the range of 
previous investigations of a similar nature. The first part of the 
hasting program was devoted to the investigation of the aerodynamic 
characteristics of several square-plan-form wings (reference 2) while 
the second part, which is the consideration of the present paper, 
embodied tests of cone-cylinder configurations. 


This paper presents the results of an investigation of two series 
of models. The first series, which consisted of three configurations 
having 20° conical noses and cylindrical afterbodies with lengths equal 
to 0, 2, and 4 diameters, was tested in the angle-of-attack range 
from 0° to about 25°. The second series, which consisted of seven 
models having cylindrical afterbodies with length equal to 4 diameters 
and conical noses with apex angles of 10°, 20°, 30°, 45°, 6o°, 90°, 
and l8o , was tested only in the axially symmetric attitude. 

The aerodynamic characteristics of all models were determined by 
force tests. In addition, pressure distributions at several representa- 
tive angles of attack were obtained for a cone-cylinder configuration 
having a 20° apex angle and a 4-diameter afterbody length. 

In order to evaluate the relative accuracy and the range of applica- 
tion of the various theories for the flow over cones and cone-cylinders, 
the results of these tests were compared with calculations from the cone 
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theory of Ferri (reference 3) Q-nd from the cone theory of Stone (refer- 
ence 4) as tabulated by Kopal (reference 5); also, the hypersonic 
approximation of Grimminger, Williams, and Young (reference 6) and the 
hypersonic approximation of Ivey and Morrissette (reference 7)- For the 
axially symmetric case the results from the models with varying apex 
angles were compared with results from the exact cone theory of Taylor 
and Maccoll (reference 8) . 


SYMBOLS 


A area of base of cone or cone- cylinder 

Cj^ drag coefficient 

Cj^ lift coefficient ^L^q^Aj 

pitching-moment coefficient measured about cone tip 
/Pitching moment \ 

l V't ) 

local normal-force coefficient normal to body axis 
C.P. distance from tip of cone to center of pressure, body lengths 

D drag 

L lift 

M Mach nimber 

d maximum diameter of model, 1.1? inches 

p static pressure 

q dynamic pressure 

z distance from apex of cone to axial station 

Z length of cylindrical afterbody 

Z^ total length of model 

a angle of attack between v/ind and body axes 

P radial angle about body axis measured from top of body 


k 
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3' radial angle referred to wind eixis 

6 included apex angle of cone 


Subscripts 

b base 

c cone or conical nose 

cy cylindrical afterbody 

max maximum 

1 free stream 


APPARATUS 
Wind Tunnel 


The Langley 11-inch hypersonic tunnel in which the tests were con- 
ducted is of the intermittent-operation type, utilizing both a high- 
pressure and a vacuum tank. This tunnel is equipped with a two- 
dimensional, single-step nozzle which produces sufficiently iiniform 
flow for model testing at M = 6.86 in an approximately 5-inch-square 
central core of the test section. A small variation of Mach niimber with 
time, observed in calibration tests of this nozzle, was taken into con- 
sideration in the reduction of the data obtained in the present tests. 

A detailed description of the tunnel and the nozzle calibration can be 
found in references 1 and 9, respectively. 


Models 

The first series of models, which is shown in figure 1, consisted 
of three configurations, all having identical conical noses with apex 
angles of 20° but with cylindrical afterbodies of lengths equal to 0, 2, 
and A body diameters. The maximum total- configuration length was fixed 
at 8 inches in order to retain the model completely within the uniform 
flow region of the test section during the high angle-of-attack tests. 

In order to obtain reasonably large forces which could be measured by 
existing strain-gage force balances, relatively low fineness ratios 
were selected. A body diameter of 1.17 inches was used for all con- 
figurations tested. Adherence to these considerations resulted in 
bodies which, despite their low fineness ratios, were quite suitable 
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for the purposes of checking theoretical calculations and obtaining 
preliminary experimental design data. 

The second series of models, which is shown in figure 2, consisted 
of seven cone- cylinder configurations having apex angles of 10°, 20°, 

30°, 45°, 60°, 90°, and l80° and all having identical cylindrical after- 
bodies with a length-to-diameter ratio of 4. 

An additional model, dimensionally identical to the model of the 
first series having a conical nose with a 20° apex angle and Z/d of 4, 
was equipped with ten pressure orifices. These orifices were installed 
along the generatrix of the configuration, five on the conical nose, 
four on the cylindrical afterbody, and one on the base. The five 
orifices on the conical surface and the first orifice after the corner 
on the cylindrical surface were 0.025 inch in diameter; the remaining 
orifices were 0.040 inch in diameter. These orifices were chosen so 
that the pressure lag would be as low as possible and the orifices would 
still be small enough so as not to disturb the flow appreciably. The 
pressure-test model, together with both the base tube by which it was 
supported and through which the pressure tubing passed and the mechanism 
for adjusting the angle of attack, is shown in figure 3. The support 
from the base of this model was l/2 inch in diameter and the base orifice 
was located midway between the side of the support and the side of the 
cylinder . 

All models were machined from steel and had polished surfaces. 


Instrumentation 

Two strain-gage force balances were used during the course of this 
investigation. One was employed at moderate and high angles of attack 
and the other, which was of much greater sensitivity, was used in the 
low angle-of -attack range (up to about a = 8°) where the forces 
encoxmtered were relatively small. The former was a three -component 
balance which directly resolved the aerodynamic forces encountered on 
the model into lift and drag forces. This balance was equipped with a 
variety of shielded elbow-type adapters which permitted the mounting of 
models at different angles of attack. Unfortunately, the scatter of the 
data obtained with the pitching-moment component was so wide and erratic 
as to render it unusable. The two elements of the moment-measuring com- 
ponent were located at widely separated positions in the balance and the 
uneven heating to which they were subjected during the course of a test 
run resulted in their unsatisfactory performance. The elements of the 
lift and drag measuring components were considerably closer together and, 
although they did not entirely escape the adverse heating effects, their 
accuracy was not seriously impaired thereby. The second balance used, 
the two-component balance, was designed to be alined with the model axis 
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so "that, the forces normal and parallel to the model axis were measured. 
These force balances are described in greater detail in reference 2. 

Pressure measurements were recorded by instr\oments in which the 
deflection of a metallic diaphragm is converted into the rotation of a 
small mirror. A beam of light is reflected from this mirror onto a 
strip of film moving at constant speed so that the trace thus obtained 
represents a time history of the pressure. In reference 9 a more com- 
plete description of these pressure-recording devices is presented. 

To supplement the pressure and force data recorded during the tests, 
schlieren photographs were obtained for each test. The schlieren system 
is described in reference 9- Althou^ most of the photographs were 
taken with an exposure of several microseconds, a few were taken with 
an exposure of 1/150 second. 


TESTING PROCEDURE 


Diiring the tests, the tunnel was operated at a stagnation pressure 
of approximately 25.5 atmospheres and a stagnation temperature of 
approximately 1200° R. With these operating conditions, the Reynolds 
number per foot of the stream at the test section is 2,930,000 and, 
consequently, the characteristic Reynolds number referred to the base 
diameter of the models (d = 1.17 in.) is approximately 290,000. The 
length of a typical test varied from about 60 to 90 seconds. Since the 
nozzle was calibrated at 60 seconds from the start of the run, only 
data obtained at 60 seconds after the start of the test were used, in 
order to diminish the effects of a small Mach number variation with time. 

Except for the case of zero angle of attack, the pressure distribu- 
tion over the pressure model at a given angle of attack was determined 
in a series of seven successive runs. For each run in a series, the 
generatrix containing the pressure orifices was rotated 30° from its 
previous position while the angle of attack was maintained constant. 

In this manner, pressure distributions at radial positions corresponding 
to 3 = 0 , 30 ) 60°, 90°, 120°, 150°, and l80° were obtained for the 
three angles of attack, a = 6.7°, lA°, and 20°. 

Force measurements for the models of the first series were obtained 
at intervals of about 3° or ^° throughout the entire range of a 
from 0° to approximately 25°. 
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ACCURACY OF THE DATA 


Pressure data were recorded with instruments which are accurate to 
within about ±0.5 percent of the upper limit of their operating range. 
Since it was usually not possible to use the instruments in this favor- 
able range, the accuracy of most of the pressure data is restricted to 
approximately ±1.0 percent. 

The absolute error in the determination of the free- stream Mach num- 
ber in the central portion of the test section is about ±0.04, as is 
shown by the calibration curves presented in reference 1. 

These errors in Mach niiraber and in pressure determination combine 
to give a possible error of about ±5 percent in the calculation of Cj, 
and Cj) from pressure distributions; however, the actual accuracy 
realized is considerably better, so that ±3 percent is a reasonable 
estimate of the error. 

The two-component balance is accurate to within about ±0.025 pound 
in normal force and ±0.005 pound in axial force. Since its rajige was 
from only 0 to 1 pound in axial force, the use of this balance was 
limited to angles of attack of approximately 7.5° or less. For larger 
angles of attack, the three-component balance, accurate to within 
±0.1 pound in lift force and ±0.05 pound in drag force, was used. 
Combining these errors in force measurement with those associated with 
the determination of free-stream Mach number and pressure yields the 
possible errors in lift and drag coefficients shown in the following 
tables: 


Two-Component Balance 


Three-Component Balance 


Cl 

Error 

Cd 

Error 

0.05 

.12 

.24 

.36 

± 0.008 

±.010 

±.0l4 

±.019 

0.10 

.15 

.20 

io.oo5 

±.oo6 

±.oo8 


Cl 

Error 

Cp 

Error 

0.49 

.61 

.85 

1.22 

±0.042 

±.046 

±.054 

±.067 

0.24 

.37 

.49 

.61 

± 0.020 

±.027 

±.029 

±.033 


Again, the accuracy realized by the force tests is better than is indi- 
cated by the possible-error values, so that errors greater than about 
one-half of those shown in the preceding tables were seldom encountered. 


In addition, the angle of attack at which the force measurements 
were obtained was detgrmined from schlieren photographs with an accuracy 
of approximately ±0.2 . 
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THEORETICAL CONSIDERATIONS 


Exact Solution for Axially Symmetric Case 


The complete solution for the potential flow field about an infi- 
nite cone in an axially symmetric supersonic stream has been determined 
by Taylor and Maccoll (reference 8) and evaluated and tabulated in 
great detail by the computing staff of the Massachusetts Institute of 
Technology (reference lO) . The Taylor-Maccoll solution has been used 
over the conical nose, and the flow field about the cylindrical after- 
body has been computed by the method of characteristics for three- 
dimensional phenomena (reference ll) . 


Both first- and second-order nonlinear solutions to the problem of 
supersonic flow about inclined cones have been developed by Stone 
(reference U) . In the derivation of this work, Stone shows that each 
of the various parameters of the flow, that is, the three components of 
velocity, the pressure, and the density, can be represented by a Fourier 
expansion. Consideration of the boundary conditions of the problem 
permits a typical flow parameter to be expressed in the form 


where a designates the axially symmetric value of the parameter, 
a the angle of attack, P' the coordinate angle with respect to the 
wind axis, and b^, cq, and C2 the appropriate Fourier coefficients . 

(in the case of the tangential component of the cross flow, the cosines 
are replaced by sines as dictated by considerations of symmetry.) 

As in the case of the Taylor-Maccoll solution for axially symmetric 
conical flow, the computing staff of M.I.T. \mder the direction of Kopal 
has performed much of the nimierical calculations required for the appli- 
cation of this theory and the results have been published in two volvunes 
(refei'ences 5 and 12). However, the numerical calculations associated 
with the terms of second order are of such a lengthy and complex nature 
that at the present time values corresponding to Mach numbers up to ^ 
only are available; consequently, it was practical to include in this 
investigation the results of the first-order solution only. The results 
of this theory are hereinafter referred to as the Stone-Kopal theory. 

It may be pointed out that the radial angles P' and P referred 
to the wind and body axes, respectively, are identical to the first 
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order in a. Consequently, in the application of this first-order 
theory it is not necessary to transform from the wind axis, in which 
the solution is obtained, to the body axis. (However, as the angle of 
attack approaches the semiapex angle of the cone, the first-order 
equivalence between the radial angles in the two coordinate systems 
departs very severely from their exact relationship, indicating that 
significant results should not be expected from the first-order theory 
as a approaches 0/2. For a cone with 10^ semiapex angle in a flow 
at M = 6.86, this first-order theory applied at angles of attack 
above 8.5^ yields negative pressure ratios on the upper surface.) 


Another first-order solution to the problem of supersonic flows 
about inclined cones has been developed by Ferri (reference 3) • 

Although this solution is very similar to that of Stone, there are two 
fundamental differences. First, Ferri investigates the entropy distri- 
bution in the flow field about the cone. In contrast to the distribu- 
tion assumed by Stone, which varies throughout the entire flow field 
behind the shock, Ferri shows that on the surface of the cone the 
entropy is constant, although it does vary throughout the remainder of 
the field. To satisfy this condition of constant entropy on the cone 
surface, the concept of a thin vortical layer at the cone surface 
through which there is a large entropy gradient was introduced. The 
second fundamental difference between these theories is that Ferri has 
used a coordinate system referred to the cone axis in obtaining his 
solution. Nevertheless, it is of interest to note that the parameters 
which are necessary for the application of Ferri 's theory can be deter- 
mined from the M.I.T. tabulated results of Stone's theory, if due regard 
be given to the change in coordinate system. 

These theories are used in place of the conventional linearized 
theories of flow about inclined cones such as that of Tsien (refer- 
ence 13 ) , since the nature of the linearized solutions restricts their 
application to cones having semiapex angles smaller than the Mach angle 
of the undisturbed stream. 


Solution for Flow on Cylindrical Afterbody of Cone-Cylinder 
Configiiration at Angles of Attack 

When the solution to the problem of flow over an Inclined cone is 
known, a first approximation to the pressure distributions on the cylin- 
drical afterbody of a cone -cylinder configuration at angles of attack 
can be made by an extension of the conical flow solution. This exten- 
sion merely requires that the conical flow be given a two-dimensional 
Prandtl-Meyer expansion equivalent to the semiapex angle of the cone. 

The assumption is made that the pressure thus obtained will remain con- 
stant along the entire length of the cylindrical afterbody. For the 
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case of the cone-cylinder configuration in axially symmetric inviscid 
flow, it can he shown that the two-dimensional Prandtl-Meyer expansion 
just described is indeed valid immediately behind the juncture of cone 
and cylinder and that thereafter, progressing downstream, the pressure 
approaches the free- stream value asymptotically. Furthermore, the 
asymptotic approach to free- stream pressure is very gradual at high 
Mach numbers. For a cone-cylinder configuration with a 20° -conical 
nose in a flow where M = 6 . 86 , the ratio of surface to stream pres- 
sure can be shown theoretically to change from O .71 just behind 

the junction of the cone and cylinder to O .83 at a point 4 diameters 
downstream of the junction. Although this change is not negligible, 
the assumption of a constant surface pressure along a given radial sta- 
tion on the cylindrical portion of a cone-cylinder configuration at a 
given angle of attack does serve as a useful first approximation. 


Changes in pressure due to separation behind the cone-cylinder 
juncture have very little effect on the over-all characteristics of the 
model, since in general the low-pressure side contributes but little to 
the total forces. Also, it is interesting to note the variance between 
the low pressures on the lee side of a cylinder at hypersonic speeds 
and the high pressures predicted at lower speeds by theories based on 
the cross -flow concept. 


Hypersonic Approximation 


Grimminger, Williams, and Young (reference 6 ) present a hypersonic 
approximation to the forces encountered on an inclined body of revolu- 
tion. This approximation is based on the Newtonian corpuscular theory 
of aerodynamics and, as its nomenclature implies, is designed for 
application at very high Mach numbers (greater than 10 or 15) . This 
theory does not predict pressures on that portion of the body shielded 
from the free air stream; however, by means of an assiomption for the 
pressure in the shielded region, it can be employed at lower Mach num- 
bers for first estimates, although the physical conditions of the prob- 
lem no longer conform to the initial assumptions. The results of this 
theory are presented in two forms: the first considers only the simple 

Impact forces encountered by the body, and the second includes the more 
complex pressure-relieving effect afforded by the centrifugal forces 
which are introduced by the air flow over the curved surface of the 
body. In the derivation of the effects of the centrifugal forces on 
the pressiore, five relations are developed for determining the effective 
velocity distribution over the surface. The fifth relation has been 
used in the present paper in the theoretical calculations referred to 
as Grimminger 's hypersonic approximation including centrifugal effects." 

Ivey and Morrissette (reference 7) also present an approximate 
theory for application at very high supersonic speeds which, however. 
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is applicable only to the cylindrical portions of bodies. It can be 
shown that Grimminger ' s hypersonic approximation using case h for the 
centrifugal effects is id.entical to Ivey's. 


RESULTS AND DISCUSSION 
Pressure Distributions 


As previously indicated, surface pressure distributions were 
obtained only for the configuration consisting of a 20 conical nose 
and a cylindrical afterbody having a length- to -diameter ratio of 4. 

Axially symmetric case .- In figure h, the ratio of surface pres- 
sure on the body to stream pressure P/P^ is presented as a function 
of axial station z/Z-t and compared with theoretical calculations. 
Measurements were made at two angular positions P = 0 and 3 = 90 
with the configuration in the axially symmetric attitude (that is, 
a = 0°) . The results of the Taylor-Maccoll solution were used to deter- 
mine the theoretical curve for the conical nose, and this solution was 
extended by the characteristics method including rotational effects to 
obtain the theoretical curve for the cylindrical afterbody. 

In general, the agreement between experimental data and theoretical 
calculations is good. There is, however, a small difference between 
the experimental data obtained at the two angular positions, which is 
attributed to a small error in alining the model with the flow on the 
two successive runs made to obtain the data. The slight deviation of 
the pressure of the forepart of the conical nose is considered to be 
the result of (l) small surface irregularities which were incurred in 
machining operations and whose effect is accentuated at the tip where 
the imperfections become relatively large in comparison to the local 
radius and (2) boundary- layer effects. The discrepancy between theory 
and experiment that appears in the region of the cone-cylinder junction 
(z/Z-j; = 0.4l0) is attributed also to the boundary layer, which, in 
effect, changes the geometric shape of the body; thus, rather than 
experiencing the theoretical "instantaneous" expansion at the comer, 
the flow undergoes a comparatively gradual expansion which originates 
slightly ahead of the geometric comer and is completed at a point con- 
siderably downstream from it. Base-pressure measurements were made, 
and although no attempt was made during the course of the investigation 
to obtain experimental verification, it is likely that the sting exerts 
a significant influence on the base-pressure measurements. 

Conical nose at angles of attack .- Experimental and theoretical 
pressure distributions on the surface of the conical nose are shown in 
figure 5 in the form of the ratio DqIPi ^ function of angular 
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position P for three angles of attack: 6.J°, lk°, and 20°. For all 

three angles of attack, the experimental data exhibit a slight varia- 
tion with axial station which is attributed partly to normal data scat- 
ter and partly to boundary- layer influence. In addition, the pressures 
recorded at station O.060 are consistently high on the upper portion of 
the cone and low on the under portion in comparison with pressures 
measured at the other axial stations. This deviation of the pressure 
at the foremost axial station is considered to be due to the physical 
imperfections of the conical tip and to the influence of the boundary 
layer, both of which effects are magnified near the apex because of the 
small radius of revolution. 

Figure shows that at a = 6.7^ Ferri's theory is in very good 

agreement with experiment, although there is a slight overestimation of 
the pressure on the upper portion of the cone.l The theory of Stone- 
Kopal, while agreeing favorably with experiment at angular positions 
on the side of the cone, is appreciably low on both the upper and lower 
surfaces of the cone. Grimminger's hypersonic approximation neglecting 
centrifugal forces has a tendency to be slightly low in comparison with 
experiment for all angular positions^ the largest divergence, however, 
occurs on the upper surface. The analysis of the pressure forces 
encountered on conical and ogival noses, as presented in reference 6, 
indicates that the pressure-relieving effect of centrifugal forces on 
such configurations is very small so that the pressures can be satis- 
factorily approximated by the Newtonian ( impact force) method. Conse- 
quently, only the results of the latter method, in which centrifugal 
forces are not included, are presented for the conical nose in the 
present paper. Nevertheless, it is of interest to note that the inclu- 
sion of the centrifugal effect, however small, would augment the dis- 
crepancy between theory and experiment. 

In figure 5(b), the application of Ferri's theory to the deter- 
mination of the pressure distribution at a = 1^1° again compares favor- 
ably with experiment except on the upper surface where the theory pre- 
dicts higher pressures than are obtained experimentally. Because this 
angle of attack is comparatively large for a first-order theory, the 
agreement between theory and experiment is an indication that in conical 
flow at moderate angles of attack, higher-order effects are relatively 
small at this Mach niimber. Over the region in which it can be applied, 
the results from Grimminger's hypersonic approximation neglecting cen- 
trifugal forces are in good agreement with experimental results. 


It may be noted that there is a difference between the theoretical 
curves presented in this paper and those presented in Ferri's work 
(reference 3) for the same Mach number and model configuration. This is 
due to the high sensitivity of the calculations to small variations in 
the initial values obtained from Kopal's table (reference 5) and in the 
entropy determination. 
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In figure 5(c)^ Ferries theory has been presented so that some 
estimate of the higher-order effects at this high angle of attack 
(a = 20^) could be made. While these effects are by no means negligible 
here, it is seen that the first-order theory may still be employed to 
determine an approximation to the pressure distribution. As in the case 
of a = l4®, Grimminger^s hypersonic approximation neglecting centrifu- 
gal effects is in good agreement with experiment over the radial posi- 
tions for which it is applicable*. 

Cylindrical afterbody at angles of attack .- Pressure distributions 
on the cylindrical afterbody of the configuration with the 20^ conical 
nose at three angles of attack are presented and compared with theory 
in figure 6. The boundary- layer effect, which prevents the expansion 
from occiarring instantaneously at the cone-cylinder junction, appears 
at all angles of attack with the result that pressures measured at sta- 
tion 0.430 are significantly higher than those obtained at the other 
stations. 

Figure 6(a) shows that at a = 6 . 7 ^ the extension of Ferri*s 
cone theory by considering the flow to undergo a two-dimensional expan- 
sion from the conical surface to the cylindrical surface gives very good 
agreement with theory except over the upper portion of the cylinder, 
since the theoretical calculations considerably underestimate experi- 
mental values on the upper portion of the cone. Grimminger's hypersonic 
approximation neglecting centrifugal effects is in fair agreement with 
experiment except at the side and bottom positions. Inclusion of the 
centrifugal effects improves the agreement over most of the lower por- 
tion of the cylinder but does not alter the discrepancy at the side or 
bottom. The centrifugal forces as treated in Ivey*s hypersonic approxi- 
mation clearly overestimate the pressure-relieving effect at this angle 
of attack and Mach number. The result is a theoretical pressure predic- 
tion which decreases too rapidly from a pressure equal to that obtained 
by Grimminger 's approximation at the bottom position (p = l80^) to a 
pressure that is much too low along the sides of the cylinder. 

At a = l4^> as shown in figure 6(b), the extension of Ferries 
cone theory, although slightly low, still gives a favorable agreement 
with experiment. Grimminger^s hypersonic approximation neglecting cen- 
trifugal forces is considerably higher than experiment, particularly at 
the bottom of the cylinder ( 3 = l80^) . Including the effect of the cen- 
trifugal forces somewhat improves the agreement between theory and 
experiment; however, as the centrifugal forces have no effect on the 
pressure at p = l 80 ^, the rather poor agreement there remains unaltered. 
Again, it is observed that Ivey^s hypersonic approximation overestimates 
the effect of the centrifugal forces. 

Figure 6(c) shows essentially the same comparison between theory 
and experiment at a = 20° as was obtained at a = l4^. Since at high 
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angles of attack, as expected, Ferri's cone theory gives poor results, 
the extension of this theory to the cylindrical surface at a = 20 ° 
gives extremely poor agreement and is therefore not presented in the 
figure . 

Model base .- In figure experimental pressures measured on the 
base of the cone-cylinder configuration at four angles of attack are 
shown. At both a = 6.7 and a = l4° the base-pressure distribution 
is essentially constant at approximately 0 . 23 , while at a = 20 ° 
there appears to be a low-amplitude sinusoidal variation about an aver- 
age pressure ratio of 0.7* The pressures obtained at two angular posi- 
tions 3=0 and 3 = 90 ° for a = 0° indicate that in this case 
also there is a small variation of the radial pressure distribution. 


Figure 8 shows the variation of the averaged base-pressure data 
with angle of attack. This variation of base pressure on a sting- 
supported cone-cylinder configuration in wind-tunnel tests constitutes 
a rather complex problem which, although of great interest both theoret- 
ically and practically, was considered to be beyond the scope of the 
present investigation. 


Aerodynamic Forces 

Local normal force .- The axial variation of the local normal-force 
coefficient c^ for the 20 ° cone-cylinder configuration is presented 
in figure 9 as obtained from pressure measurements and referred to the 
base area. The linear variation of c^ on the conical nose is main- 
tained for all three angles of attack; the small variation from linearity 
observed at station 0.06 is a result of the imperfect tip and of 
boundary- layer effects, as previously mentioned in the discussion of 
pressure distributions. On the cylindrical afterbody, an almost con- 
stant Cjj is obtained except at station 0.434, where boundary- layer 
effects most severely alter the pressure distribution. It should be 
emphasized that this constancy of cn along the cylindrical portion is 
a characteristic only of very high speed flows and is not obtained at 
low supersonic Mach numbers. 

At a = 6.7 , the integration of the conical-nose pressure dis- 
tribution obtained by Ferri’s theory yields local normal coefficients 
slightly lower than the experimental results. Comparison with fig- 
ure 5(a) shows that this theory overestimates the pressures on the upper 
surface of the cone and the reduction in normal force is a direct con- 
sequence of this discrepancy in pressure distribution. The pressure 
distributions predicted by Ferri's theory at a = l4° and a = 20° 
account for the progressively poorer absolute agreement of the theoreti- 
cal and experimental c^. The discrepancies in pressure distribution 
obtained at a = 6 . 7 ° by the Stone-Kopal theory prove to be 
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compensatory so that integrated results are in excellent agreement with 
experimental results. Since this first-order theory predicts a linear 
variation with angle of attack of the normal force encountered by a 
cone^ the excellent results obtained at the low angle of attack where 
the theory is applicable can be extended to the higher angles with good 
results which verify the first-order linearity. As shown in figure 9, 
Griraminger's hypersonic approximation neglecting centrifugal force 
effects also shows excellent agreement with experiment when applied to 
the conical nose. 

At a = 6.7°, the results of Ferri's theory and Griraminger's 
hypersonic approximation neglecting centrifugal forces extended to the 
cylinder are in good agreement with each other and only slightly higher 
than the experimental results. The inclusion of the effects of centri- 
fugal forces, which decreases the normal force by 10 percent, brings 
theory^and experiment into almost perfect agreement^ however, at 
a = l4 , Ferri's cone theory extended agrees well with experiment 
whereas Grimminger's hypersonic approximation, even with centrifugal 
effects included, overestimates the normal forces. Comparison with the 
pressure distributions in figures 6(b) and 6(c) discloses that the major 
portion of this discrepancy between the Grimminger theory and experiment 
is a result of the theory's overestimating the pressures on the bottom 
of the cylinder. 


Lift, drag, and lift-drag ratios .- In the theoretical calculation 
of the aerodynamic force coefficients, a base pressure of one-half the 
stream pressure was used in all cases. (Consideration of the base- 
pressure distributions shown in figures 7 and 8 led to the selection of 
this value for use in theoretical calculations.) The effect of the 
forces contributed by the base pressures on the over-all aerodynamic 
characteristics of the configurations is negligibly small except in the 
case of the drag coefficient at very low angles of attack, where the 
force on the base is about 5 percent of the total Cp. Therefore, a 
more detailed investigation of base pressures was not considered 
necessary for the puiposes of the present paper. 

The aerodynamic coefficients based on Grimminger's hypersonic 
approximation including centrifugal forces have not been included in 
figures 10 to 13 . The centrifugal forces decrease the normal forces 
encountered on the cylindrical afterbody by 10 percent, thereby 
decreasing the total normal force by about 5 percent for the longest 
cone-cylinder configuration at angles of attack greater than about 15°. 
This results iQ^^- decrease in both and Cpj however, for angles of 

attack below 10 , this decrease in over-all coefficients is negligible. 

The variation with angle of attack of the aerodynamic character- 
istics of the 20° cone, determined experimentally by both pressure and 
force tests, is presented in figure 10. (Pressure distributions on the 
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conical nose as obtained in the test of the cone -cylinder configuration 

with ^ were used in determining the aerodynamic characteristics 

of the cone alone.) Through the angle-of-attack range for which it is 
applicable^ that is, up to about a = 10°, Ferri's theory is in good 
agreement with the experimental drag coefficient C]) although it is 
somewhat low with respect to the experimental lift coefficient Cl and, 
consequently, with respect to the lift-drag ratio l/d. On the other 
hand, Gritnminger ' s theory neglecting centrifugal forces is in excellent 
agreement with experimental Cp at high angles of attack and slightly 
low at the smaller angles; however, it overestimates Cl throughout 
the entire range, resulting in lift-drag ratios which are high. The 
Cp value obtained from the Stone-Kopal theory is slightly low at angles 
of attack beyond 4° and, although not shown here, the Stone-Kopal Cp 
is almost coincident with the Grimminger values for angles of attack up 
to 10°. 

Figure 11 presents the variation with angle of attack of the 

aerodynamic characteristics of the 20° cone-cylinder for which —= 2 . 

d 

Again, Ferri's theory plus its extension to the cylindrical surface is 
in excellent agreement with experiment up to about a = 10°. Grimminger 's 
hypersonic approximation agrees satisfactorily with experimental Cp 
at the higher angles of attack though it is slightly low at the lower 
angles. As in the case of the cone alone, the Grimminger approximation 
overestimates Cp at the higher angles. 

Figure 12 shows the variation with angle of attack of the aero- 
dynamic characteristics of the 20° cone-cylinder for which For 

this configuration, both theories compare with experiment in much the 
same manner as for the = 2 configuration except that, in this case, 

Ferri's theory plus its extension to the cylindrical surface slightly 
overestimates Cp at the low angles of attack, resulting in lift-drag 
ratios which are too large in this range. 

Comparison of the three configurations .- In figure 13, the experi- 
mentally determined aerodynamic characteristics of the three configura- 
tions have been presented in a manner that facilitates their mutual com- 
parison. Figure 13(a) shows that the Cp curve for the cone without 
afterbody is essentially linear with angle of attack but has a slight 
bend downward; the addition of the cylindrical afterbody significantly 
increases the lift and, in addition, produces lift curves with a slightly 
upward curvature. This curvature appears most distinctly at high angles 
of attack and increases with increasing cylindrical-afterbody length. 

The drag coefficients and lift-drag ratios are shown in figure 13(b) . 
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The increment between the results for the cone and the cone- cylinder 
configurations represents the drag due to the addition of the cylindri- 
cal afterbodies. The agreement between the force and pressure data 
for a given configuration discloses no significant discrepancies, indi- 
cating that the viscous forces are very small in comparison with the 
pressure forces on all three configurations. This is further emphasized 
by the fact that the minimum drags (at a = 0°) for the three configura- 
tions were not measurably different. The plot of the lift-drag ratios 
shows that a significant increase in L/D car be obtained by adding a 
cylindrical afterbody to a cone. The L/d curves for all three con- 
figurations have nearly flat maximums, and while varies from 

about 1.8 for the cone alone to 2.4 for the cone-cylinder configuration 

with the angle of attack at which (l/d) ^^ ^ occurs remains 

essentially constant at about a = 10*^. The limiting L/D curve shown 
in figure 13(b) is equivalent to the lift-drag ratio that is obtained 
as l/d approaches infinity for any cone-cylinder configuration if 
viscous forces are not included. 

In figure 13(c), the pitching-moment coefficients and the location 
of the centers of pressure of the three configurations as determined 
experimentally are presented as a fimction of angle of attack. As the 
cylindrical-afterbody length is increased, the center of pressure moves 
forward. For a given cone-cylinder configuration, the center of pres- 
sure moves slightly rearward with increasing angle of attack. 

A comparison of theoretical with experimental results for pitching 
moment and center of pressure can best be obtained by again utilizing 
figure 9, since merely adding theoretical curves to figure 13 (c) would 
only tend to obscure the results. In the case of the cone, the center 
of pressure for all the theories, as would be expected, agrees with 
that determined experimentally; however, the pitching-moment coefficients 
are not predicted as well because in the case of the cone alone these 
depend on the accuracy of the prediction of the normal-force coeffi- 
cient. An examination of figure 9 shows that this coefficient for the 
conical nose is given best by the Stone-Kopal theory and the Grimminger 
hypersonic approximation and with less accuracy by Ferri's theory. When 
the afterbodies are included, a comparison with the results produced by 
a Prandtl-Meyer expansion at the cone-cylinder juncture and an invariant 
axial pressure has been resorted to as shown by figure 9. With an after- 
body length of 4 diameters, which is the worst case of the test bodies 
for this assumption, none of the theories predicts centers of pressure 
which are more than about 2 percent of the body length from the experi- 
mental results (using Ferri's theory up to l4° only). In the predic- 
tion of moment coefficient, Ferri's theory and Grimminger 's hypersonic 
approximation with centrifugal forces give better results than 
Grimminger 's hypersonic approximation without centrifugal forces; 
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however , even the theories in hest agreement are 10 percent in error 
at a = l4°. 

The effect on the minimum drag of varying the apex angle .- Fig- 
shows the results of the tests of the second, series of configura- 
tions which consisted of conical noses with apex angles varying from 10° 
to 180° and with identical cylindrical afterbodies of 4 diameters length. 
These configiirations were tested only in the zero lift (a = 0°) attitude. 
The theoretical drag curve presented in this figure was determined by 
using the Taylor-Maccoll solution on the surface of the cone and 
assuming the base pressure equal to the free-stream pressure. Because 
of the small forces encountered on the 0 = 10° and 0 = 20° con- 
figurations, it was possible to use a more sensitive force balance and 
thereby obtain more accurate force measurements for these two bodies in 
comparison with the balance used and measurements made on the remaining 
bodies. ^-Then a base-pressure ratio of 0.75 (the value actually measured 
for the configuration with 0 = 20°) is included and when viscous 
effects estimated from laminar-boundary-layer considerations are 

theoretical calculations and experimental measurements for 
the two low-angle bodies are brought into nearly exact agreement. At 
the higher cone angles, satisfactory agreement was obtained with the 
results from Taylor-Maccoll cone theory which at this Mach number is 
applicable up to about 0 = 100°. The results of the blunt-body test 
(0 = 180 ) indicate that the average pressure on the face of the body 
was slightly higher than the static pressure behind a normal shock 
at M = 6.86. The actual pressure distribution on the face must 
decrease from the stagnation pressure behind a normal shock at the 
center to some value considerably lower at the periphery. Furthermore, 
some curvature of the shock was present just ahead of the periphery, 
resulting in a reduced pressure drag. 


Schlieren Photographs 

In figure 15, schlieren photographs of the 20° cone and cone- 
cylinder configurations at several angles of attack are shown. The 
lower surface of the conical shock appears strong and clearly defined, 
as expected. The upper surface of the shock is rather indistinct, in 
most of the photographs since its strength is approaching that of a 
Mach wave. For those configurations with afterbodies at high angles of 
attack, the lower surface of the shock becomes nearly parallel to the 
body axis. 

Schlieren photographs of cone-cylinder configurations with progres- 
sively increasing cone angles and cylindrical afterbodies with -^ = 4 

are shown for a = 0 in figure 16. This series of pictures illustrates 
the influence of the expansion which occurs at the cone-cylinder 
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junction on the shock which originates at the cone apex. The point at 
which influence is felt can he identified as the position at which the 
uninfluenced straight conical shock begins to curve. This point moves 
from a position beyond the field of view in the case of 0 = 10° to a 
position just downstream from the junction in the case of 0 = 90°. 

For 0 = l80°, the shock detaches and assumes the shape of a very flat 
paraboloid. Since the nose of this detached paraboloidal shock is 
normal to the free stream, subsonic flow must exist behind it. 


CONCLUSIONS 


Analysis of experimental data obtained from the wind-tunnel tests 
of cone-cylinder conf igurations at M = 6.86 and a Reynolds number 
of 290,000 based on the maximum diameter leads to the following 
conclusions: 

1. Pressure distributions on cone -cylinder configurations in 
axially symmetric flow can be predicted with a high degree of accuracy 
by employing the Taylor-Maccoll cone solution and extending it over the 
cylinder by the method of characteristics for three-dimensional rota- 
tional flow; however, at the cone-cylinder junction, boundary- layer 
effects alter the nature of the expansion so that instead of occurring 
"instantaneously'* as theoretically calculated, the flow undergoes a 
gradual expansion over a finite distance. 

2. Ferries theory for flow about inclined cones (nACA TN 2236) 
can be used to determine pressure distributions with very good results 
at small angles of attack. Even when the angle of attack can no longer 
be considered small within the first-order approximation, the results 
are still quite satisfactory, indicating that second-order effects 
remain small at moderate angles of attack (up to about a = 15°)- 

3. Although results of the Stone-Kopal first-order theory are 
known to be in error, the discrepancies are compensatory with respect 
to the normal force, and the initial slope of the lift curve is 
satisfactorily predicted. 

4. The hypersonic approximation of Grimminger, Williams, and 
Young neglecting centrifugal forces satisfactorily predicts pressure 
distributions on cones throughout the angle-of-attack range over the 
windward side. 

5. When the pressure distribution on the conical nose at a given 
angle of attack is known, a good approximation to the pressure distri- 
bution on the cylindrical afterbody can be made by considering a simple 
Prandtl-Meyer expansion of the flow around the corner formed by the 
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cone -cylinder junction, since at very high Mach numbers the pressures 
on the cylindrical afterbody vary slowly with respect to axial station. 

6. The hypersonic approximation of Grimminger, Williams, and Young 
with modifications can be used to predict pressure distributions on 
the windward side of the cylindrical afterbody; however, there is a 
decided tendency to overestimate the pressure on the lower surface. 

7. The addition of the cylindrical afterbody to the conical nose 
results in a considerable increase in the lift-drag ratio of the 
conf igurat ion . 

8. The theory of Grimminger, Williams, and Young satisfactorily 
predicts the drag coefficients for all configurations tested throughout 
the angle-of -attack range; however, it slightly overestimates the lift 
coefficients and, consequently, the lift-drag ratios. 


Langley Aeronautical Laboratoiy 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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Figure 1.- Force models with apex angle of 20° and afterbody lengths 

of h, 2, and 0 diameters. 
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Figure 2.- Force models with varying apex angles and cylindrical 
afterbodies with a length equal to 4 diameters. 
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Figtire 3.- Pressvixe model mounted on support sting. Conical nose has 

20° apex angle; length of cylindrical afterbody is equal to 4 diameters. 
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Pressure ratio, p/p, 
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Figure h.~ Axial variation of the ratio of surface to stream pressure for 
the 20 cone cylinder with at zero angle of attack. M = 6 . 36 . 
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(a) a = 6.7°. 


Figiire 5.- Radial variation of the ratio of surface to stream pressure for 

the conical nose of the 20^ cone cylinder with — = 4, M = 6.86. 

d 



Pressure ratio, p^/p, 


28 


NACA RM L 5 IJO 9 



0 — 

Experimental data 

0 Sto. .060 A Sta. .318 

□ Sta. .146 L Sta. .404 

2 A Qtn 1 
























< 















/ 

-• [ 

— 
















7 — 

/ 

















/ 

/ 

‘7 

c 

D 
















-f- 

t 
















- — — [ 




— 














/ / 

. 9 
















4 

/ 





— 













/ 

// 

r — c 

) 















/ 

7 

















/ 

/ 

r 

















— ^ — 7 
/ / 

/ / 

















/ 

i / 

















f 

/ / 


















u 

1 j 








Grimminger - hypersonic approxir 
without centrifugal 

natior 

forc( 

1 

BS 

~1 

f C 

) 














J 

















/ 

r 

















/ 










Fe 

rri - 

1 st or 

der theory 

X 


















— ■/'- 

/ 

/ () 
















/ 

/ 

/ 











) 

1 


() 



1 


















> 















- 













. 

— ^ ^ 


Radial position, 0 , deg 


(b) a = l4°. 


Figure 5.- Continued 
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(c) a = 20°. 


Figiire 5.- Concluded, 
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(a) a = 6.7°. 

Figure 6. ~ Radial variation of the ratio of surface to stream pressure for 

the cylindrical afterbody of the 20° cone cylinder with - = 4. M = 6.86. 
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FigiK'e 6.- Continued. 
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(c) a = 20°. 
Figure 6.- Concluded. 
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Figure 7.- Radial variation of the ratio of hase to stream pressure for 

the 20^ cone cylinder with — = 4 . M = 6.86. 
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Figure 8.- Variation with angle of attack of the ratio of average radial 

base pressure to stream pressiire for ijfaaf 20° cone cylinder with i- = k. 
M = 6.86. ^ 
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Figure 9*- Axial variation of the local normal-force coefficient of the 

20° cone cylinder with - = 4. M = 6.86. 
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■1^ igure 10.- Variation with angle of attack of the aerohynamic 
characteristics of the 20° cone. M = 6.86. 


Lift coefficient, Cl ; drag coefficient, Co Lift- drag ratio, L/D 
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Figure 11.- Variation with angle of attack of the aerodynamic 

characteristics of the 20° cone cylinder with —= 2. M = 6.86. 
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Figure 12,- Variation with angle of attack of the aerodynamic 

characteristics of the 20^ cone cylinder with - = 4, M = 6.86. 
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(a) Lift coefficient. 

Figure 13.- Comparison of the aerodynamic characteristics of three 20° cone- 
cylinder configurations having afterbody length- to-diameter ratios of 0_, 
2 , and 4. M = 6.86. 
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(b) Drag coefficient and lift-drag ratio. 
Figure 13.- Continued. 
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Figure I 3 .- Concluded. 
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Figure l4, - Variation with cone apex angle of the minimum drag coefficient 
of the cone-cylinder configxn*ations having — = 4. M = 6.86. 
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20® Cone 



20® Cone- cylinder, 1/d =2 



O(=l0.l® ' ' ■ 01=16.6® 


'20® Cone -cylinder, I/d = 4 


Figure I 5 .- Schlieren photographs of the cone and cone-cylinder 

configurations. M = 6.86. 
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Figure I 6 .- Schlieren photographs of cone-cylinder configiirations with 


varying apex angles and identical cylindrical afterbodies with - = 4. 
M = 6.86. 
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